). These images show that almost all of teh dye taken up during the loading phase was released during the unloading train of 900 action potentials (90 s at Hz). The small residual fluorescence evident here was discounted by the background subtraction procedure described above. Fluorescence measurements were made by averaging pixel intensities within rectangular areas as indicated graphically by the boxes in (C) and (D), and normalized to the mean ⌬F 1 in a given experiment to control for possible day-to-day variations in reagents and instrument calibration. Scale bar represents 10 m.
We demonstrated previously that fluorescent puncta large body of previous work has established that synaptic vesicle exocytosis and endocytosis are closely coulike those in Figure 1B correspond campal synapses provide quantitatively equivalent measures of vesicle turnover across a wide range of action Buchanan, unpublished data). Electron microscopy has also confirmed that individual small puncta like those potential stimulus conditions. Therefore, it is justifiable to choose either dye release or dye uptake as equivalent shown in Figure 1B correspond to single presynaptic active zones. Although some larger puncta clearly enmeasures of the evoked turnover of recycling synaptic vesicles. With a release-measurement protocol (Ryan compassed multiple active zones, these were easily recognized by confocal imaging, and were excluded from and Smith, 1995), minimal stimulation necessarily releases only a small fraction of the prelabeled vesicles. analysis here. Typically, 50 measurable fluorescent puncta were discernible in each of the images acquired This situation results in a measurement inherently noisier than that obtainable with an uptake protocol, where for the present study. Figure 1C is a higher magnification image of the subevery labeled vesicle contributes to the measured turnover. Thus, to obtain the highest possible signal-toarea indicated by the rectangle drawn on Figure 1B . Figure 1D shows the same sub-area after vesicular fluonoise ratio with minimal test stimuli, we chose to measure dye uptake. rescence was released by a long unloading train of action potentials (90 s at 10 Hz) fired in an FM 1Ϫ43-free perfusion solution. Note that almost all of the fluoresMeasurement of Use-Dependent Plasticity Motivated by reports of plasticity resembling NMDAcence present in the dye-loaded condition of Figure  1C disappeared Figure 2 to test for similar useareas. To obtain a measure of vesicle turnover uncontaminated by the minor background staining that redependent plasticity of evoked vesicle turnover. Two identical test episodes (Test 1 and Test 2) were adminismains after maximal unloading stimuli, we calculate a fluorescence difference ⌬F between measurements tered, one before and one after a strong conditioning tetanus of action potential stimulation (30 s at 50 Hz) and from images acquired just before (e.g., Figure 1C ) and just after (e.g., Figure 1D) Figure 3B scatter nearly of all test episodes, no induction of plasticity would be equally above and below the diagonal. Thus, for the expected to occur as a result of the test procedure itself.
blocked-control group, vesicle turnover was approximately equal before and after the conditioning tetanus. The average value of ⌬F2/⌬F1 was 1.09 (n ϭ 591, SEM ϭ Induction of Presynaptic Potentiation Tetanization in the absence of glutamate receptor an-0.02), the median was 1.01, and the ratio of averages <⌬F2>/<⌬F1> was 1.01. Values of ⌬F2/⌬F1 differed from tagonists resulted in a substantial and long-lasting potentiation of evoked vesicle turnover. Figure 3A shows those measured for the potentiation group at p <0.
(Mann-Whitney unsigned rank test). fluorescence measurements representing vesicle turnover for 508 individual boutons in the potentiation group
The roles of specific ionotropic glutamate receptor types in induction were explored through experiments before (⌬F 1 ) and 15-60 min after (⌬F 2 ) the conditioning tetanus. Though there is considerable scatter in these in which effects of the selective antagonists AP-5 and CNQX applied individually during the conditioning tetadata points (see Discussion), it is very clear that ⌬F 2 was substantially larger than ⌬F 1 for most boutons, i.e., that nus were measured. ⌬F2/⌬F1 ratios observed at individual boutons in the On the other hand, the NMDA receptor-specific antagostandard potentiation and blocked-control conditions. nist AP-5 alone (50 M) resulted in a much more sub- Figure 5A shows that ratio values cluster tightly around stantial 75% suppression of potentiation. These results a modal value near 1.0 in the blocked-control condition, are consistent with the involvement here of an NMDA while there is both substantial reduction in the occurreceptor-based postsynaptic triggering mechanism, rence of lower ratios and a substantial increase in higher perhaps one similar to that implicated in the induction ratios under the potentiation condition. The cumulative of NMDA-type LTP (see Discussion). frequency curves in Figure 5B indicate that only 4% Since CNQX and AP-5 in combination appeared necof boutons in the blocked-control condition exhibited essary to completely suppress the induction of evoked ⌬F2/⌬F1 ratios greater than 2.0, while 28% of boutons vesicle turnover potentiation, and because the greatest in the potentiation condition exceeded this ratio value. potentiation occurred in the absence of both antago- Figure 5A also shows that ⌬F2/⌬F1 ratios are more disnists, we concentrate the remainder of the present analperse for the potentiation group. This increased disperysis on these two pharmacological conditions. sion is somewhat in excess of that which would be predicted from a simple scaling up of ⌬F2 values for the potentiation group: the ratio of standard deviation to The Time Course of Potentiation Figure 4 shows the same data as Figures 3A and 3B that the degree of presynaptic potentiation, and not just some general scale of vesicle turnover, probably varies for at least 60 min, with only minor decrement even at this latest time point. Data from the blocked-control from bouton to bouton within the population studied. tiation. Both are available on a synapse-by-synapse basis. Figure 6A plots ⌬F 2 /⌬F 1 as a function of ⌬F 1 for each of the 508 boutons measured in the potentiation The dashed line in Figure 6C shows that when the decilepooled values of the blocked-control <⌬F 2 >/<⌬F 1 > are condition. Figure 6B plots the same variables for the 591 blocked-control boutons. It is apparent in both rescaled by a constant factor equivalent to the difference in overall averages between potentiation and graphs that the largest potentiation ratios occur at boutons with the smaller initial release values. It also apblocked-control groups (i.e., 1.53), the blocked-control group shows an inverse correlation almost identical to pears, for both groups, that there is a progressive dwindling of the larger potentiation ratios with increased that observed in the potentiation group. This similarity suggests that the apparent inverse correlation does not initial release probability across the entire range. However, these appearances of inverse correlations bereflect upon the potentiation process at all. Alternative explanations for the appearance of inverse correlations tween ⌬F 2 /⌬F 1 and ⌬F 1 could be deceiving. They may be due, at least in part, to the inflation of random variability in both groups are discussed below (see Discussion). effects at small values of the denominator ⌬F 1 .
To reduce the influence of random variations in ⌬F 1 , Potentiation Does Not Change the Total Recycling Vesicle Pool Size the data of Figures 6A and 6B were pooled across decile ranges of ⌬F 1 values. Figure 6C plots the ratio of averTo test the hypothesis that evoked release potentiation might reflect an increase in total vesicle pool size, we ages of ⌬F 1 and ⌬F 2 values, <⌬F 2 >/<⌬F 1 >, as a function of average ⌬F1 values, <⌬F1>, decile by decile. Even carried out additional experiments using a modified version of the potentiation protocol shown in Figure 2 . By in such group averages, inverse correlations between potentiation and initial release probability are still apparlengthening the loading trains in both test episodes, from 20 to 1200 action potentials, vesicle pools were ent, for both potentiation and blocked-control groups. It is possible that these apparent inverse correlations loaded to saturation and the ⌬F sat values thus obtained should now reflect total pool size rather than any release reflect upon the mechanisms underlying presynaptic potentiation. If this is so, however, it seems puzzling that a probability factor (Ryan and Smith, 1995) . Figure 7 shows fluorescence data taken to represent pool size similar correlation should be evident in both potentiation and blocked-control groups, recalling that the blockedat 174 individual puncta before (⌬F sat 1 ) and 15-60 min after (⌬F sat 2 ) the conditioning tetanus. In this case, the control group as a whole showed no potentiation at all. literature.
Comparisons to Studies of Hippocampal
The NMDA-dependent receptor is thought to act as a coincidence detector. Ca 2ϩ influx through the channel NMDA-Type LTP The following aspects of the present findings suggest is normally dependent upon both receptor occupancy by the ligand (glutamate) and membrane depolarization, that they should be considered in the same context as results on hippocampal NMDA-type LTP: the potentiawhich relieves a voltage-dependent Mg 2ϩ block of the pore. In LTP experiments, the depolarization is thought tion of evoked vesicle turnover we describe would be likely to correspond to an increase in presynaptic transto be provided by the non-NMDA receptor-dependent current, which is largely blocked by CNQX. Assuming mitter release and thus to strengthen synaptic transmission; our culture preparations were derived from the that a similar postsynaptic mechanism is operative in our experimental system, the small impact of CNQX CA3 and CA1 hippocampal tissue regions that harbor the presynaptic and postsynaptic cells typically studied might be explained by the fact that our field stimulus itself directly fires a depolarizing action potential nal into a short-term plasticity state different from that occupied during traditional LTP transmission tests. SecOur selective glutamate antagonist results (see Table  1 synapses of higher initial probability (an inverse correlaWe find that potentiation is induced by tetanization tion) if expression is presynaptic and there is some inherin the CNQX-alone condition, but that its magnitude is ent ceiling to release at a single active zone (Stevens reduced compared to that observed in the drug-free and Wang, 1994 shown to induce a large and long-lasting increase in we are concerned that inverse correlations like those spontaneous vesicle turnover, and induction was shown evident in Figure 6 might be due, in whole or in part, to to involve activation of NMDA receptors. Indications of uncorrelated random fluctuations between the ⌬F1 and an inverse correlation between initial spontaneous re-⌬F 2 measurements. That is, ⌬F 2 /⌬F 1 ratios at low ⌬F 1 lease rate and the extent of potentiation were also demight be inflated simply through the selection of particuscribed. It seems quite possible that the long-lasting, larly low ⌬F 1 denominator values, while ⌬F 2 values re-NMDA receptor-dependent potentiation of spontaneous gress toward a higher mean. This possibility seems most release described by Malgaroli et al. may share some compelling as an explanation for the small inverse correcommon mechanism with the long-lasting, NMDA relation evident in the blocked-control group data, since ceptor-dependent potentiation of evoked release deno potentiation at all was evident when the group is scribed in the present report. This is a point of conanalyzed as a whole. Might such a statistical "artifact" siderable interest, as the relationships between the also explain the larger correlation apparent in the potenmechanisms governing spontaneous and evoked retiation group data? There was an indication that this lease remain unclear. Future analyses should help to may be so. The dashed line in Figure 6C damental details of synaptic function.
